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In this talk, we summarize the collider phenomenology and recent experimental results for various 
models of extra dimensions, including the large extra dimensions (ADD model), warped extra di- 
mensions (Randall-Sundrum model), TeV _1 -sized extra dimensions with gauge bosons in the bulk, 
universal extra dimensions, and an 5D SU(5) SUSY GUT model in AdS space. 



I. INTRODUCTION 

The standard model (SM) of particle physics can be 
considered the most successful model among various 
standard models (other standard models, e.g., the stan- 
dard model of the sun and the standard model of cos- 
mology are gaining ground as more and more data are 
available to refine the models. From now on the stan- 
dard model is referred to the standard model of particle 
physics.) It has enjoyed great health for more than 30 
years. The precision measurements at LEP have tested 
the SM to the level of 1CT 3 In addition, the last 
piece of quarks, the top quark, was found 0- Neverthe- 
less, as a theorist we believe the SM cannot be a final 
theory, because of the followings. (i) The SM has many 
parameters, most of which are the fermion masses. This 
is related to the flavor problem. In the SM, we have three 
generations of fermions, each of which seems to be a rep- 
etition of each other. We do not fully understand why 
it is so and why there are only three generations, not to 
mention the generation of the fermion mass pattern, (ii) 
The SM is not a real unification of all forces. It would 
be nice to embed the SM into a grand unification theory, 
(iii) The hierarchy problem tells us that the apparently 
only two scales in particle physics, the electroweak and 
Planck scales, are 16 — 17 orders of magnitude different, 
which gives an enormously large loop correction to the 
scalar boson mass. It requires a very precisely fine-tuned 
bare mass to cancel the loop correction in order to give a 
scalar boson mass of order 0(100) GeV. All these prob- 
lems lead us to believe that there should be new physics 
beyond the SM. Most of us believe that the new physics 
should come in in the TeV scale. There is a hope that the 
upcoming LHC is the place for the next big discovery. 

There are other observations that tell us that the SM 
is not satisfactory. The most striking evidence is the def- 
inite (though small) neutrino masses that are required in 
the neutrino oscillations. There are mounting evidences 
for the solar and atmospheric neutrino flux deficits that 
are best explained by neutrino oscillations. Most of us 



also believe that there should be dark matter that fills 
up a substantial fraction of the universe. More surpris- 
ingly, there is another very mysterious component of the 
universe, which is revealed by recent balloon, supernova, 
and satellite experiments. It is clear that the SM cannot 
provide these components of the universe. In addition, 
the SM cannot fulfill all the requirements to give a suffi- 
ciently large enough baryon asymmetry of the universe. 

The hierarchy problem has motivated a number of 
models beyond the SM. In recent years, a number of mod- 
els in extra dimensions have been proposed. They pro- 
vide an alternative view of the hierarchy problem into 
a geometric stabilization of the extra dimensions. But 
why do we believe there are extra dimensions? Well, 
many string theorists and mathematicians believe so. 1 
If there exist extra dimensions, why do we not see them? 
One simple reason is that they are probably too small. 
Figure^illustrating this simple reason why we do not see 
the extra dimensions. The word "Physics" is sitting on 
the cylinder (extra dimensions), but when we see it from 
very far away, the cylinder is too small to be noticed. 
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FIG. 1: Figure illustrating why we do not see the extra di- 
mensions. 

The main purpose of this talk is to review the collider 
phenomenology associated with extra dimension mod- 
els, both theoretical and experimental works. Subse- 
quent sections are devoted to various models, namely, 
(i) the large extra dimension model (ADD model), (ii) 
the warped extra dimension model (Randall-Sundrum 
mode), (iii) TeV _1 -sized model with gauge bosons in the 
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I found an interesting cartoon to illustrate this point, but for 
the legal right reason I do not think I can put it here. It is at 
http: //www. th.physik.uni-f rankf urt . de~jr/gif /cartoon/cart0785 . 
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bulk, (iv) universal extra dimension model, and (v) an 
5D SU(5) SUSY GUT model on a slice of AdS space. 



II. ADD MODEL 

It was proposed by Arkani, Dimopoulos, and Dvali Q 
that the size R of the extra dimensions that only gravity 
can propagate can be as large as mm. This observation 
was based on the fact that no deviation from the New- 
ton's law has been observed down to mm size. It has an 
important impact in our understanding of gravity. Sup- 
pose the fundamental Planck scale of the model is Md, 
the observed Planck scale Mpi becomes a derived quan- 
tity: 



pi 



Af£ +2 R n 



where R is the size of the extra dimensions. This ex- 
pression tells us that if R is extremely large, as large as 
a mm, the fundamental Planck scale Md can be as low 
as TeV. Since the fundamental Planck scale is now at 
TeV, the hierarchy problem no longer exists. The setup 
is shown in Fig. In this model, the SM particles and 
fields are confined to a brane while only gravity is al- 
lowed to propagate in the extra dimensions. Thus, the 
only probe of the extra dimensions must be through the 
graviton interactions, which is illustrated in Fig. [3] The 
graviton in the extra dimensions is equivalent to a tower 
of Kaluza-Klein (KK) states in the 4D point of view with 
a mass spectrum given by 

Mr = — , 
R ' 

where I = 0, 1, 2, .... The separation between each state 
is of order 1/R, which is very small of order of O(10 -4 ) 
eV. This means that in the energy scale of current high 
energy experiments, the mass spectrum of the KK tower 
behaves like a continuous spectrum. Each of the KK 
states interacts with a strength of 1/Mpi with the SM 
particles. However, when all the KK states are summed 
up, the interaction has a strength of I/Md, where Md 
is the real fundamental scale of the model and of order 
of 0(TeV). Thus, we may be able to detect the graviton 
effects in current and future high energy experiments. 
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The collider signatures for the ADD model can be 
divided into (i) sub-Planckian and (ii) trans-Planckian. 
From Fig. it is clear that only graviton can probe the 
extra dimensions when the energy scale is below Md- 
The SM particles scatter into a graviton, which can ei- 
ther (i) go into the extra dimensions and does not come 
back to the brane, which then gives rise to missing en- 
ergy and momentum in experiments, or (ii) come back 
to the SM brane and decay back into SM particles, the 
scattering amplitude of which then interferes with the 
normal SM amplitude. Therefore, experimentally we can 
search for two types of signatures, the missing energy or 
the interference effects. When the energy scale is above 
the Md, we expect the quantum gravity effects become 
important and objects, like black holes, string balls, p- 
branes would appear. In the following, we shall discuss 
these signatures one by one. 
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FIG. 3: The interactions of the graviton in the ADD model 



A. Sub-Planckian 

There have been enormous large amount of literature 
in this area 0, IS IE S S, S E3, tl3l . so 1 onl Y highlight 
on some of them and certainly show personal preference. 
As mentioned above the sub-Planckian signatures can be 
further categorized into those involving graviton emis- 
sion and the virtual graviton exchanges. Let us first dis- 
cuss the processes with graviton emission. The clean- 
est and easiest-to-see signature would be a single photon 
or a gauge boson with the missing energy due to the 
disappearance of the graviton into the extra dimensions 
[a llCllrij . The processes are 



7 (Z)G 



at e + e colliders and 



qq(gg) -*■ gG 



FIG. 2: The setup in the ADD model 



at hadronic colliders. 
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FIG. 4: Cross sections for e + e~ — + 7G compared with the 
SM background e + e~ — > jvv. From Ref. |T3| . 



In Fig. we show the production cross section for 
e + e~ — ► 7G vs the center-of-mass energy and compare 
with the SM background of e + e~ — * ^vv. The graviton 
signal easily surpasses the background at ^fs ~ 0.8 — 1 
TeV for a Ms = 2.5 TeV. 2 Other related processes in- 
clude e+e~ -> ZG and e+e~ -> //G. The LEP collab- 
orations have searched for these channels and obtained 
the limit on M D ~ ITeV. The CDF collaboration also 
searched for events with a single photon plus missing en- 
ergies, but no deviation is observed and they put a limit 
on M s > 0.55 - 0.6 TeV for n = 4 - 6 [3. The D0 col- 
laboration searched for events of a single jet with missing 
energies. The limit they obtained is 0.89 — 0.62 TeV for 
n= 2-7 0. 

For the processes involving virtual graviton exchanges 
the signatures would be the interference with the SM am- 
plitudes, resulting in enhancement in the cross sections, 
especially at high energy 0, . The signals that are eas- 
iest to detect are hadronic dilepton 0, Q E| and dipho- 
ton productio n lift lift 1 171 . fermion-pair production at 
e+e- colliders [H|Ii,|l£L Other avenues include gauge- 
boson pair production |20t I21L |22| , dijet production [23 , 
and top-quark production [241 , as well as the anomalous 
muon magnetic moment |25J. 

Figure illustrates the effect of graviton exchanges in 
the diphoton production at the Tevatron. Enhancement 
of the cross section can be seen at M 77 much smaller than 
Afs. Therefore, the process can probe a fundamental 
Planck scale considerably higher than the energy of the 
collider. Another interesting process is the light- by- light 



2 There are a few conventions of the fundamental scale in liter- 
ature. They are related to each other through multiplicative 

constants, e.g., M D = [(27r) n /(87r)] ^+2 M s . 



scattering 0|. The SM amplitude has to go through a 
box diagram while the graviton-induced amplitude is at 
tree-level. Thus, the effect of graviton exchanges is more 
conspicuous. Other processes that have been searched 
in experiments include e + e~ — * 77, WW, ZZ at LEPII 
(see the review in Ref. 69]), DIS scattering at HERA, 
as well as diphoton+dilepton production at the Tevatron 
by D0. We are going to give more details on the last 
one, because it gives the best limit on Ms so far. 
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FIG. 5: The diphoton invariant mass spectrum for the process 
pp -» 77 at the 2 TeV Tevatron. From Ref. 0. 



Cheung and Landsberg [15J improved the previous 
analysis on diphoton and dilepton production using the 
2D spectrum, d 2 a / d cos 9* dM , where 6* is the center-of- 
mass frame scattering angle and M is the invariant mass 
of the photon or lepton pair. The advantage of using a 
2D spectrum is that for a 2 — > 2 process two kinematical 
variables can cover all the phase space, therefore there 
is no need for cuts to optimize the effect. In Fig. El we 
show the 2D spectrum of the dilepton process. It is clear 
that the interference term and the pure graviton term 
are very different from the SM term. Moreover, a photon 
and an electron behave very similarly to each other in the 
detector. Therefore, instead of losing efficiency in iden- 
tifying them, we can simply take both of them as events 
of electromagnetic showers. D0 [2(| used this approach 
to search for the signal, but the data agreed well the SM 
and they placed limits on Ms- The limits are shown in 
Fig. □ The limit is from 0.97 to 1.44 TeV for n = 2 - 7. 
So far, this is the best limit. We can also study the sensi- 
tivity reach on Ms in the future collider experiments at 
Tevatron Run II and at the LHC ^]|, which are shown 
in Table IJ 
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TABLE I: Sensitivity reach on Ms at Tevatron Run II and 
at the LHC. 
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FIG. 6: The dilepton invariant mass spectrum for the process 
pp -y £ + r at the 2 TeV Tevatron. From Ref. 
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FIG. 7: The limits on Ms obtained by the D0 collaboration. 
This is taken from Ref. El. 



B. Trans-Planckian 

Since the fundamental Planck scale is at TeV, so at the 
future hadronic collider, the LHC, the energy can surpass 
the fundamental Planck scale. Particle scattering would 
show the features of quantum gravity [2?1 l28l |29| . be- 
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cause the fundamental Planck scale is at which the quan- 
tum gravity effects become strong. The cartoon in Fig. 
[S] shows the behavior of the scattering when the energy 
scale is getting higher and higher. When it approaches 
the string scale, the scattering is characterized by string 
scattering. As energy further increases, the string be- 
comes highly excited and entangled like a string ball [23| • 
Eventually, the energy reaches a transition point and ev- 
erything will turn into a black hole. 
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string ball b i ack ho i e 
FIG. 8: Figure showing the trans-Planckian signatures. 



A black hole (BH) is characterized by its mass, charge, 
and angular momentum. Here we simply look at the 
uncharged and nonrotating BH. The Schwarzchild radius 
and entropy of a BH with a mass A/bh in «+4 dimensions 
are given by, respectively, |8ll | 



-Rbh 



£bh = 



— f 


'M BH \ 


M D \ 


v M D ) 


47T 




n + 2 





(1) 
(2) 



As argued in a number of papers (32| |33| , the entropy of 
the BH must be large in order that the object is in fact 
a BH. Here we follow the convention that the entropy 
<Sbh ^ 25. We show the entropy Sbh vs the mass of the 
BH in Fig. [5] It is clear that the entropy increases with 
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the mass, and the requirement of S'bh ^ 25 is roughly 
equivalent to Mbh > 5Mj> 
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FIG. 9: Entropy of a BH vs its mass. From Ref. 0. 

The production cross section of a BH in a collision is 
pven by Hill 



a = nR Bii 



(3) 



which is based on a naive semi-classical argument. Sup- 
pose the two incoming particles involved in the collision 
have a center-of-mass energy y^i and they want to coa- 
lesce into a BH, they can only do so if they are within 
the event horizon of the BH to be produced. Therefore, 
they can only produce a BH if their impact parameter 
is less than the radius, and thus resulting in the cross 
section formula above. The decay of the BH is some- 
what complicated. Naively, one would expect the BH, 
as a quantum gravity object, would decay into gravitons, 
which then go to the extra dimensions and get lost. Ex- 
perimentally, it would not be seen. However, the work 
by Emparan, Horowitz, and Myers [34| showed that it is 
not the case. Since the main phase of the BH decay is via 
the Hawking radiation, the wavelength corresponding to 
the Hawking temperature is much larger than the i?BH- 
Thus, the BH behaves like a s-wave point source and de- 
cays equally into the brane and bulk modes. Since in 
the setup there is only one graviton in the extra dimen- 
sions, but all SM particles on the brane, so the BH decays 
most of the time into the brane particles, 3 i.e., the SM 
particles, and it could be observed in experiments. The 
BH decays "blindly" according to the particle degrees of 
freedom. The ratio 

Z, W, H, 7, g; u, d, s, c, 6, t\ e, /i, t, v e , v^, v T — 30 : 72 : 18 

and the ratio of hadronic:leptonic ~ 5 : 1. In addition, a 
nonrotating BH decays isothermally, and so for a BH of 



a few TeV it decays into 30 — 50 particles, each of which 
then has an energy of a few hundred GeV. Therefore, the 
BH event will look like a spherical fireball 0, ■ Such 
events are very clean and suffer from no background in 
collider experiments. One can do the event counting. We 
give the estimates for the BH production cross section at 
the LHC in Table HQ Hill. 



TABLE II: Cross section in pb for BH production at the 
LHC. Here we included the contributions for the 2 — > 1 and 
2^2 subprocesses, and y = A/bh/Md. 







n = 4 


n = 5 


n = 6 


M d = 


1.5 TeV 








y 


= 1 


9200 


13000 


18000 


V 


= 2 


890 


1250 


1600 


V 


= 3 


110 


150 


190 


V 


= 4 


12 


15 


21 


y 


= 5 


0.99 


1.3 


1.6 


M D = 


= 3 TeV 








y 


= 1 


179 


240 


330 


V 


= 2 


2.3 


3.2 


4.3 


y 


= 3 


0.0085 


0.011 


0.015 


y 


= 4 


2.6 x 10 -7 


3.5 x 10~ 7 


4.5 x 10 -7 


y 


= 5 









Other trans-Planckian objects include string balls |3CJ 
and p-branes |37| . Dimopoulos and Emparan piol ] pointed 
out that when a BH reaches a minimum mass, it will 
transit into a state of highly excited and jagged strings - 
string balls (SB), the transition point is at 



Ms/g 2 s 



where M s is the string scale and g s is the string cou- 
pling. SBs can be considered the stringy progenitors of 
BHs. The correspondence principle states that the prop- 
erties of a BH with a mass Mbh match those of a string 
ball of a string theory with M s /g 2 s = Mbh- Thus, their 
production cross section at the transition point should 
match, i.e., 



a(SB)\ 



M S B=M s /g1 



M BH =M s /g1 



(4) 



We can parameterize the production cross section of 
the SB as follows. When the energy is above M s but be- 
low M s /g s , the scattering is described by string-string 
scattering, the amplitude of which should scale as ~ 
s/Mf. When the energy reaches M s /g s , saturation of 
unitarity sets a to be a constant until it hits the cor- 
respondence point, after which the SB production cross 
section is replaced by the BH cross section. Thus, we 
have the following for the SB/BH production: 
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For alternative viewpoints on BH decays, see Refs. [35 



<t(SB/BH) = < 



where 



ff < M BH 



[/(n)] z = ^ [/(n)] 2 ^ < M SB < 



M s « M SB < 2* 



(5) 
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n + 2 



The decay of a SB would be similar to the BH, and thus 
most of the time into the SM particles. 

A p-brane is a solution to the Einstein equation in 
multi dimensions. A BH is considered a 0-brane, there- 
fore p-branes, in principle, can also be produced in 
hadronic collisions. Consider an uncharged, static p- 
brane with mass M p b- The p-brane wraps on r(< m) 
small extra dimensions and onp-r(< n — m) large extra 
dim. The radius of the p-brane is given by 



wraps entirely on the small extra dimensions only, i.e., 
r = p. The ratio of p-brane cross section to BH cross 
section is given by 
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Note that - * ^?bh in the limit p = 0. The production 
cross section of the p-brane is similar to the BH, given 
by 



<r(M pB ) = 7i\Rp B 



(7) 



The radius R p b of a p-brane is suppressed by some pow- 
ers of the volume V p b wrapped by the p-brane. In or- 
der to achieve the maximum cross section, the value of 
V p b should be minimum, which occurs when the p-brane 
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FIG. 10: Production cross sections for black holes, string 
balls, and p-branes. We have chosen Mo = 1.5 TeV, = 
5M D , and M^ n = 2M S . From Ref. 0. 



4 The configuration has n total extra dimensions, of which m di- 
mensions are small (~ 1/M„) and n — m are large (2> 1/Af*). 
Here M„ is another notation in literature for the fundamental 
Planck scale, M* = Ms- 



A comparison of production cross sections of BHs, SBs, 
and p-branes is shown in Fig. 1101 Since the production 
threshold of SBs is much lower than BHs, SB cross section 
is therefore much larger. The p-brane cross section is 
somewhat larger than the BHs. 
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Feng and Shapere [38| pointed out another possibil- 
ity of observing the BH in the ultra-high energy cosmic 
ray (UHECR) experiments. The UHECR is the beam 
while our atmosphere is the target. The UHECR has a 
neutrino component that can penetrate deeply into the 
atmosphere without interacting. It is the neutrino com- 
ponent in the UHECR that produces the distinct signa- 
ture for BHs. The largest chance that a neutrino can 
interact with the nucleons in the atmosphere to produce 
a BH is when it traverses horizontally across the atmo- 
sphere (shown in the cartoon of Fig. Illl ) The BH then 
decays instantaneously thus producing a horizontal air 
shower. Such deeply penetrating horizontal air showers 
are to be counted and compare with the SM prediction. 
The number of BH events expected for the run at the 
Pierre- Auger Observatory is shown in Fig. | 12l A partial 
list of works in this area are listed in Refs. 1391. 



III. RANDALL-SUNDRUM MODEL 

The Randall- Sundrum (RS) model beautifully ex- 
plains the gauge hierarchy with a moderate number 
through the exponential. The setup of the branes and 
the bulk is shown in Fig. ^] 
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FIG. 11: Cartoon showing that the UHECR neutrino pro- 
duces a BH and gives a horizontal air shower. 



FIG. 13: The setup in the Randall- Sundrum model. 

Just like the ADD model, since only graviton propa- 
gates in the extra dimensions, only gravity can probe the 
extra dimensions. However, the graviton KK states are 
very different from the ADD model. The most distinct 
feature of the RS model is the unevenly spaced KK spec- 
trum for the gravitons, namely, proportional to the zeros 
of the nth modified Bessel function |41| • Phenomenology 
associated with the modulus field (known as the radion) , 
describing the fluctuation in the separation of the two 
branes, is another interesting feature of the RS model 
|42l |43| . There is also the possibility that the radion can 
mix with the Higgs boson [44| . 



Graviton 




FIG. 12: Number of BH events detected by the ground array 
in 5 Auger site-years for n = 1 — 7 from above. This is taken 
from Ref. 0. 



The graviton field can be obtained by fluctuation of 
the metric 



G a0 = e- 2ky r] a p + 2h al3 /Ml' 2 



(9) 



After compactification, the KK states of the graviton has 
the spectrum given by 



A, 



Ml n -i n 



V2 M 



(10) 



pi 



where x n is the zero of the n-th modified Bessel function. 
Numerically, xi,X2,xs = 3.83,7.02,10.17, respectively. 
Note that the spectrum is very different from that of flat 
metric. The interactions are given by 

1 °° 

C = -—T^hW - —T^{x) £ h$(x) , (11) 



A, 



from which we can see that the zeroth mode essentially 
decouples because the coupling is suppressed by 1/Mpi 
while the KK states have a coupling strength of 1/A W . 



8 



The phenomenology of the RS model is very different 
from the ADD model in two aspects: (i) the spectrum of 
the graviton KK states are discrete and unevenly spaced 
while it is uniform, evenly spaced, and effectively a con- 
tinuous spectrum in the ADD model, and (ii) each reso- 
nance in the RS model has a coupling strength of 1/TeV 
while in the ADD model only the collective strength of all 
graviton KK states gives a coupling strength of 1/TeV. 
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FIG. 14: Cross section of e + e~ — > vs y/s, including 

the effects of the RS graviton KK states. This is taken from 
Ref. El. 



Figure shows the resonance spectrum in the chan- 
nel e + e~ — ► The resonance spectrum clearly in- 
dicates that it is a discrete one and is unevenly spaced. 
The best present limit comes from the Drelly-Yan pro- 
duction at the Tevatron. The effects of the graviton KK 
states on the Drell-Yan production at the Tevatron and 
at the LHC are summarized in Fig. ^| Davoudiasl et al. 
[ill liH showed that the present Drell-Yan data can rule 
out a portion of the parameter space of the RS model. 
The constrained parameter space is shown in Fig 1 161 The 
Tevatron Drell-Yan data ruled out a small portion of the 
parameter space to the left of the line. In addition, the 
constraints from oblique corrections also ruled out an- 
other portion of the parameter space to the lower of the 
line. 5 Other constraints due to the naturalness of the 
model are also imposed. The sensitivity at the LHC (10 
and 100 fb _1 ) are also shown. 



B. Radion 

The RS model has a 4D massless scalar, radion, de- 
scribing the fluctuation in the background metric 

ds 2 = e- 2k * T ^g^{x) dx^dx" ~ T 2 {x)d<j) 2 
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FIG. 15: The invariant mass distribution for the Drell-Yan 
process at the (a) Tevatron and (b) the LHC. This is taken 
from Ref. El. 




5 According to a source, the calculation of the oblique correction 
might contain an error such that this line might not be correct. 



FIG. 16: The constrained parameter space of the RS model 
by the Drell-Yan process at the Tevatron and the oblique 
parameters. The constraints from the hierarchy of the RS 
model are also imposed. The sensitivit y re ach at the LHC 
are also shown. This is taken from Ref. 



where T(x) is the modulus field (radion) describing the 
distance between the two branes. Since the gauge hi- 
erarchy is explained by a particular brane separation, 
a stabilization mechanism is necessary to achieve that. 
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Goldberger and Wise |42t |43j used a bulk scalar field to 
generate a potential, and the modulus field acquires a 
0(0.1 — ITeV) mass with a coupling strength 1/TeV. 

The interactions of the radion with the SM particles 
are given by 



Ant = f- T^(SM) 



where — (0) is of order TeV and 
f 

+(2m 2 h h 2 - d^hd^h) + ... . 



(12) 



(13) 



It is clear that the interactions are very similar to those 
of the SM Higgs boson with the replacement of the vac- 
uum expectation value. However, the radion has anoma- 
lous couplings from the trace anomaly to a pair of gluons 
(photons), in addition to the loop diagrams with the top- 
quark (the top-quark and W boson): 



T£(SM) a 



Paid a) rpa pafiu 
2 9 a ^ 



where 



/3qcd/25s = -(a s /87r)6 Q cD and b QCB = 11 - 2n//3 



and 



/3 QE D/2e = -(a/87r)& QED and 6 QED = -11/3. 

Because of the anomalous coupling of the radion to glu- 
ons, the gluon fusion will be the most important produc- 
tion channel for the radion in hadronic collisions, followed 
by the WW, ZZ fusion. Figure El shows the production 
cross section of the radion at pp colliders. 



One may expect that since the gluon fusion is extraor- 
dinary large, the Tevatron dijet data might have some 
restriction on the radion. Figure IT%1 shows the 95% C.L. 
upper limit on the a ■ B, which is the cross section from 
a hypothetical massive particle times the branching ra- 
tio into dijet. However, the production cross section of 
the radion is below the CDF curve, and thus no limit is 
placed on the radion. Therefore, it is not desirable to 
detect the radion through its dijet decay mode because 
of the large QCD background. On the other hand, for 
a heavy radion the ZZ decay mode opens up and the 
detection is a golden mode, similar to the SM Higgs bo- 
son. Figure 1191 shows the invariant mass spectrum for 
ZZ production. It is clear that the radion peak is very 
distinct above the background. 
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resonance decaying into dijet. From Ref. |4fij . 
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FIG. 17: Hadronic production cross sections for the radion. 
From Ref. H|. 



C. Radion-Higgs mixing 

Since both the gauge and Poincare invariance do not 
forbid the mixing between the gravity scalar and the 
Higgs boson, one should expect that, in general, they 
should mix. The mixing term in the action is given by 

mm 



(14) 



where R(g v i s ) is the Ricci scalar for the induced metric 
on the visible brane, and £ — > in the limit of no mixing. 
The free Lagrangian of the Higgs and radion is ^3] 



C 



- {1 + 67 2 £} 0o D 0o - ^omj^o 



h (a + m 2 h )h - 6jt2(j> ah 



(15) 
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production. From Ref. [46j. 



Physical states h and can be introduced to diagonalizc 
Co, defined by 



1 6£ 7 /z\ 
-l/Z ) 



cos a sm 
— sin cos 





(17) 



where 



Z 2 = 1 + 6£ 7 2 (1 -G£)=/3- 36^ 2 7 2 . 
A nonzero £ will induce some triple couplings |4?l |48| 

ft- 0-0, 0-0-0, h$ -</>-<!>. 

All phenomenological signatures of the RS model includ- 
ing the radion-Higgs mixing are specified by five param- 
eters 

m 



Mpi' 



m h . 



(18) 



which in turns determine Avp and KK graviton masses 



(«) 
mg as 



A, 



mo Aj, 



Figure I2UI shows the change in the branching ratios 
of the Higgs boson and the radion vs £. An interesting 
channel to probe the mixing would be the observation of 
the triple couplings mentioned above, e.g., in the process 
e+e - — > G (ra) — > h<f> |48j. Figure PHI shows the cross 
section of this process vs £. It is obvious that the cross 
section goes to zero when £ — ► 0. The second part of the 
figure shows the region in the parameter space that can 
be probed in the next linear collider. A partial list of 
other works in radion phenomenology are listed in Refs. 

M. 
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FIG. 20: The effect of the radion-Higgs mixing on the branch- 
ing ratios of (a) the Higgs and (b) the radion. This is taken 
from Ref. El. 



IV. TEV i-SIZED EXTRA DIMENSIONS WITH 
GAUGE BOSONS 

This scenario was originally proposed by Antoniadis 
|Hfij . Later, it was employed by Dienes et al. to 
achieve the early gauge coupling unification. When the 
running scale reaches the compactification scale of the 
extra dimensions, the gauge couplings actually feel the 
strong presence of the KK states of the gauge bosons. 
The running of the gauge couplings will be acceler- 
ated from a logarithmic running to a power-law running. 
Thus, early unification is possible. 

With the gauge bosons in the bulk, the KK states have 
masses 

s 2 

2 2 . n i 

m n = m + ^ -j^ ■ 

i 

When the energy scale is above /io = 1/R, the KK states 
contribute to physical processes, e.g., the running of the 
couplings: 



a- 1 (A) = a-\M z ) 
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where 
(61,62,63) 



(33/5, 1, -3); ft, 62, 63) = (3/5, -3, -6) 



X, = 



5T(5/2) 



Examples of early gauge coupling unification are shown 
in Fig. E21 
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FIG. 22: Early gauge coupling unification. Here <5 = 1, 
(lo = 10 5 , 10 s GeV, respectively. This is taken from Ref. |5l|. 



Phenomenology of KK gauge bosons has been consid- 
ered in a 5D model with the extra dimension compactified 
on S 1 /Z2 52]. The 5-D Lagrangian is given by 



+ \Dm4>i | 2 + (i^D^ + \D^ 2 1 2 ) 6(x 5 ) 
Compactifying the fifth dimension with 



£5 — -. Fmn 
455 



n=0 



where $ represents the gauge fields. The resulting 4-D 



(21) Lagrangian becomes 
I 



c cc = 



C 



NO 



2 1 

9 v 



Wl + cos 2 0^{W[ n) f + 2^2 sin 2 (3W 1 w i + 2 sin2 & E W i 



n=l 



vn=l 



00 00 
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.9!' 
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2 r 



Z 2 + cos 2 /? ^(Z<">) 2 + 2V2 sin 2 /3Z £ Z<«> + 2 sin 2 /3 PT Z 



(n) 
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\n=l 
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e / 



( Z (»))2 + ( A (n))2 



I — 



cm 
A* 



n=l 



Here we explicitly write down the charged-current (CC) and neutral current (NC) Lagrangians. 
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There are two types of phenomenology associated with 
the KK states of the gauge bosons. First, there will be 
mixings with the SM W and Z bosons [^j, because the 
KK states just have the same quantum number as the 
SM gauge bosons. All the weak eigenstates mix to form 
mass eigenstates, e.g., mixes with all Z^ (n — 

1 — oo) through a series of mixing angles; similar to Z — Z' 
mixing. The lightest one is the Z observed at LEP. The 
couplings will be modified through the mixing angles. 
Thus, the constraints from precision measurements place 
limits on M c . For example, in the presence of mixing, the 
Fermi constant and Z decay partial widths are modified 
by 

G F = ^-(l + cjX){l - 2sin 2 /3c 2 6 X) 



T(Z^ff) = 



SM 2 , 



12n sic 2 , 



(l-2sin 2 /LY) {gl+gl) 



X = 

3M2 



There have been a number of works using the clcctrowcak 
precision measurements to place the constraint on 

M c > 3.6 TeV . 



the reduced amplitudes in the neutral-current scattering 
in eq — ► eq can be obtained as (5^ 



M e« (s) = e2 I QeQq_ 



+ 



e Q 

dial 



l 



QeQ 



sin 2 6L cos 2 W s - Ml 



e Q 

9 a 9p 



sin 2 6L cos 2 



3M 2 



where the first two terms are due to the photon and Z 
exchanges while the last term is due to the combined 
effect of the KK photons and KK Z bosons. The effects 
can show up in the interference terms and the pure KK 
term. 

Cheung and Landsberg |^| used the following data 
sets in the analysis: (i) Drell-yan production at Tevatron, 
(ii) HERA NC and CC DIS, (iii) LEPII hadronic, lep- 
tonic cross section, angular distributions, (iv) dijet cross 
section and angular distribution, and (v) tt production. 
The limits obtained are shown in Table IIIII The over- 
all limit is M c > 6.8 TeV, significantly improved from 
the electroweak precision data. We can also estimate the 
sensitivity reach at the Run II of the Tevatron and at the 
LHC [H^ using the Drcll-Yan process, shown in Table llVl 
A work by Balazs and Laforge [5(| showed that using the 
dijet production the LHC can probe M c ~ 5 — 10 TeV. 
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FIG. 23: The KK resonances of photon and Z in the Drell- 
Yan process. This is taken from Ref. [H^|. 

On the other hand, if the energy scale is higher than the 
compactification scale M c , resonances can be observed in 
experiments, e.g., in the Drell-Yan production [54J: see 
Fig. EH 

If the energy scale is smaller than M c , we should also 
expect some virtual effects due to the KK states [55$ . 
Therefore, we can use the existing high energy data to 
constrain the compactification scale. In the approxima- 
tion 

M 2 » s,\t\,\u\ , 



V. UNIVERSAL EXTRA DIMENSIONS 

In all previous models, all or part of the SM particles 
are confined to a brane while some are free to move in 
the extra dimensions. This kind of models is in general 
easier to build because we are familiar with the 3 + 1 
dimensions for a long time. However, there are no good 
reasons why we should confine the SM particles on a 3- 
brane. It is therefore appropriate to consider the sce- 
nario that all particles are free to move in all dimensions, 
dubbed universal extra dimensions [57]]. Consider the 
case with only one extra dimension. The momentum con- 
servation in the fifth dimension, after compactification, 
becomes conservation in KK numbers (or called KK mo- 
mentum). There may be some boundary terms arising 
from the fixed points that break the conservation of KK 
numbers into a Z^ parity, called KK parity. Odd parities 
are assigned to the Kaluza-Klein states with an odd KK 
number. Note that this breaking strength is at a few % to 
about 10% level compared to the SM coupling strength. 

Because of the KK number conservation (the size of 
KK number violating couplings are much smaller) each 
interaction vertex involving KK states must consist of 
pairs of KK states of the same KK number. Therefore, 
in all processes the KK states must exist in pairs includ- 
ing internal propagators. This is in contrast to all other 
scenarios like ADD, bulk gauge bosons, ... Thus, the 
present limit on the universal extra dimension scenario 
is rather weak, as weak as 1/R> 300 GeV for one extra 
dimension from precision data. For the case of two 
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TABLE III: Best-fit values of r\ = 7r /(3M 2 ) and the 95% C.L. upper limits on M c for individual data set and combinations. 



77 (TeV~ 2 ) Mg. 5 (TeV) 

LEP 2: 

hadronic cross section, ang. dist., Rt }C —0.33 ig'ii 5.3 

fx, r cross section & ang. dist. 0.09 loiig 2.8 

ee cross section & ang. dist. —0.62 IqJo 4.5 

combined -0.28 6.6 
HERA: 

NC -2.74 ±i;t? 1.4 

CC -0.057 ±i;§f 1.2 

HERA combined -1.23 ±gj| 1.6 

TEVATRON: 

Drell-yan -0.87 ±j;;J| 1.3 

Tevatron dijet 0.46 ±g;|2 1.8 

Tevatron top production —0.53 loiS 0-60 

Tevatron combined -0.38 ±g;J| 2.3 

All combined -0.29 tnofo 6.8 



TABLE IV: Sensitivity reach in M c for Run 1, Run 2 of the Tevatron and at the LHC, using the dilepton channel. 



95% C.L. lower limit on M c (TeV) 


Run 1 (120 pb" 1 ) 


1.4 


Run 2a (2 ftT 1 ) 


2.9 


Run 2b (15 ftT 1 ) 


4.2 


LHC (14 TeV, 100 fb"\ 3% systematics) 


13.5 


LHC (14 TeV, 100 fb"\ 1% systematics) 
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FIG. 24: The present constraint on the universal extra di- 
mension scenario for 5 = 2 and M s is the upper cutoff. This 
is taken from Ref. |57jl . 



extra dimensions the limit depends logarithmically on the 
cutoff scale M s . Roughly, the limit is around 400 — 800 
GeV, shown in Fig. I2H 

The mass of the nth KK states is roughly n/R, where R 
is the compactified radius. If there were no mass splitting 



among the KK states of the same n, the phenomenology 
would be quite boring that each n = 1 KK state would be 
stable. However, the radiative corrections and boundary 
terms arised lift the mass degeneracy of the states of 
the same n [5^ . The first KK state of the hypercharge 
gauge boson is the lightest KK particle and it would be 
stable in collider experiments, and perhaps stable over 
cosmological time scale because of the KK parity. Figure 
[25] shows the spectrum and the possible decay chains of 
the first set of KK states after taking into account the 
radiative corrections [5!| ■ 

Collider phenomenology is mainly the pair production 
of KK quarks and KK gluons [5^ : 







qq - 




99 - 




99,99 ~ 


- q^q {1) 



According to the decay chains shown in Fig. |55j each 
q^ decays into jets and eventually, thus the signa- 
ture would be jets with missing energies. The signal is 
very similar to the weak-scale supersymmetry. A more 
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FIG. 26: Sensitivity reach on the 1/7? scale of the universal 
extra dimension scenario at the Runll of the Tevatron and 
the LHC. This is taken from Ref. H|. 



signal due to the annihilation of the KK dark matter. 
Since the B^ 1 pair annihilates into an electron-positron 
pair, the energy of the positron is monoenergetic and 
equal to the mass of B^\ This is in sharp contrast to 
the positron signal of other cold dark matter candidates, 
e.g., the lightest neutralino. However, the monoenergetic 
spectrum would be broadened during the propagation to 
the Earth, but should still be observable above the con- 
tinuum background. 

A partial list of other works on universal extra dimen- 
sions are listed in Refs. 1621. 



FIG. 25: The mass spectrum and the possible decay chains 
of the first set of KK states after taking into account the 
radiative corrections to the masses. These are taken from 
Ref. El. 



interesting decay chain would be that each decays 
into and which in turn decay into leptons, 

thus giving rise to a signal of multi-leptons plus missing 
energies |59| . The sensitivity reach in the future collider 
experiments including Run II and the LHC is shown in 
Fig. [5U There is not much gain in the Run II of the 
Tevatron, but the LHC with 100 fb" 1 integrated lumi- 
nosity can probe up to 1/R ~ 1.5 TeV. 

Yet, the most interesting feature of the universal extra 
dimensions is the possible candidate of the cold dark mat- 
ter - the lightest KK state due to the KK parity. Servant 
and Tait |60| calculated the relic density with or without 
the coannihilation channels in Fig. |23 It is shown that 
for B^> of order 800 — 1000 GeV, it forms a major com- 
ponent of the cold dark matter. A very striking signal of 
the KK dark matter is the monoenergetic positron sig- 
nal |U from the annihilation of the cold dark matter, 
£(1)5(1) _> e + e - j w hich can be detected at, e.g., AMS 
experiment. Figure [2H1 shows the monoenergetic positron 
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fields (and the XY gauge bosons) is given by the warp 
factor and is of a TeV scale, the same as the KK states 
of other fields in the setup. 
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FIG. 29: A model of 5D SU(5) SUSY GUT on a slice of AdS 
space, due to Goldberger, Nomura, and Smith [r3^|. 



VI. AN 5D SU(5) SUSY GUT MODEL 

This type of grand unified models in extra dimensions 
is based on orbifolding. By assignment of different spatial 
parities (or boundary conditions) to various components 
of a multiplet, the component fields can have very dif- 
ferent properties at the fixed points. Thus, it is possible 
to break a symmetry or to achieve the doublet-triplet 
splitting by the boundary conditions. 

In the model by Goldberger et al. |63l. they started 
from the Randall- Sundrum scenario |4(|: a slice of AdS 
space with two branes (the Planck brane and the TeV 
brane), one at each end. The hierarchy of scales is gen- 
erated by the AdS warp factor k, which is of order of 
the five-dimensional Planck scale M5, such that the 4D 
Planck scale is given by Mpj ~ Mf/fc. The fundamental 
scale on the Planck brane is Mp\ while the fundamental 
scale on the TeV brane is rescaled to TeV by the warp 
factor: T = ke~ nkR , where R is the size of the extra di- 
mension. The setup is shown in Fig. I29I The model is 
an 5D supersymmetric SU(5) gauge theory compactified 
on the orbifold S 1 /Z2 in the AdS space. The bound- 
ary conditions break the SU(5) symmetry and provide a 
natural mechanism for the Higgs doublet-triplet splitting 
and suppress the proton decay [64(. The Planck brane 
respects the SM gauge symmetry while the TeV brane 
respects the SU(5) symmetry. The matter fermions re- 
side on the Planck brane. By the boundary conditions 
the wave-functions of the color-triplet Higgs fields are 
automatically zero at the Planck brane, on which the 
matter fermions reside, while the doublet Higgs fields are 
nonzero at the Planck brane and give Yukawa couplings 
to the matter fermions. Thus, the excessive proton de- 
cay via the color-triplet Higgs fields is highly suppressed, 
and the doublet-triplet splitting is therefore natural by 
the boundary conditions. The mass of the color-triplet 



The striking signature of this type of GUT models is 
the TeV colored Higgs bosons 65], in contrast to the 
conventional proton decay signature. Such TeV colored 
Higgs bosons can be copiously produced at the upcoming 
LHC. Since these colored Higgs bosons do not couple to 
matter fermions or weak gauge bosons, they couple only 
to the gluons. The interaction is desribed by 



C = -ig s H* c d l ,HcT a A 



g 2 s T a T h HqHc Af,A h>J - 



Production is via the qq and gg fusion. The cross section 
formulas can be found in Ref. [65j . The total production 
cross section is illustrated in Fig. 1301 
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FIG. 30: Total production cross section for the colored Higgs 
bosons in pp collisions. From Ref. |6^| . 

The detection of the colored Higgs boson depends on 
its decay modes. From Eq. I|24|l it is clear that the col- 
ored Higgs boson must be coupled pairwise to gluons and 
so itself cannot decay into gluons. However, the colored 
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Higgs boson will couple to its own supersymmetric part- 
ner, the colored Higgsino, and the gluino or gravitino. In 
general, we expect the masses of the colored Higgs boson 
and the colored Higgsino to be of the same order. Here 
we assume that the mass of the colored Higgs boson is 
less than the sum of the masses of the colored Higgsino 
and the gluino (or the gravitino), such that the colored 
Higgs boson is stable at least within the detector. 

Once the colored Higgs bosons are produced, they will 
hadronize into massive stable particles, electrically cither 
neutral or charged. For both neutral or charged states, 
they will undergo very little hadronic energy loss in the 
detector, because of the very small momentum trans- 
fer between the Higgs boson and the detector material. 
Therefore, the neutral state will escape detection unno- 
ticed. The charged state will also undergo the ionization 
energy loss though, through which it is detected. The 
ionization energy loss dE/dx is very standard and can 
be found in Particle Data Book. The dE/dx almost has 
no explicit dependence on the mass of the particle. The 
dependence comes in through the factor (3j = p/M, in 
particular for the range 0.1 < f3-f < 1, dE/dx is almost 
a linear function of (3j and has no dependence on the 
mass. Therefore, by measuring dE/dx the p/M can be 
deduced. If the momentum p is measured simultaneously, 
the mass M of the particle can be estimated. 

Experimentally, the massive stable charged particle 
will produce a track in the central tracking and/or sil- 
icon vertex system, where dE/dx and p can be mea- 
sured, provided that (3j is not too large (/?7 < 0.85). In 
the current search for stable charged particles, the CDF 
Collaboration also required the particle to penetrate to 
the outer muon chamber. This is possible if the initial 
C97)o ^ 0.25 — 0.5. Therefore, we can call the signature 
the "heavy muon". We have verified that for a 1 TeV 
particle the requirement on ((3"f)a is similar. 

The event rate can be estimated including the following 
factors: 

• The probability P — 1/2 for the colored Higgs bo- 
son to hadronize into a charged state. 

• Require at least one colored Higgs boson to be in 
the detection range: 0.25 < /?7 < 0.85 and |?7| < 
2.5. 

• An efficiency factor of 80% for seeing a track in the 
central tracking chamber. 

Note that the ^7 = p/M > 0.25 cut means p > 250 GeV 
for a 1 TeV particle, which makes it background free from 
/i^, K , 7r ± . The event rates are shown in Table IVl The 
Runll with a 20 fb _1 is sensitive to a mass of about 400 
GeV. The LHC is sensitive up to about 1.5 TeV jg^. 



VII. CONCLUSIONS 

There should not be any conclusions as this area is 
growing so fast that interesting scenarios are popping up 
all the times. We have to keep our eyes open for viable 
models. 

So far, there have been extensive studies of sub- 
Planckian and trans-Planckian collider signatures for the 
large extra dimension model (ADD model). Experimen- 
tally, there are already some limits around Mo ~ 1 — 1.4 
TeV for the fundamental Planck scale. 

The most striking feature of the Randall-Sundrum 
model is that it has a distinct unevenly spaced KK spec- 
trum. However, the first sign at colliders is perhaps the 
radion or radion- Higgs mixing effects. 

The TeV _1 -sized extra dimensions with gauge bosons 
will modify the gauge coupling running, and affect the 
precision measurements, and high energy scattering pro- 
cesses. The current best limit is about M c > 6.8 TeV. 
On the other hand, the scenario with every particle in the 
extra dimensions (universal extra dimensions) has a very 
different phenomenology The presence of KK number 
conservation renders that the KK particles must be pro- 
duced in pairs even in loop level. Therefore, the present 
limit is rather weak, of order of 300 — 800 GeV from 
precision measurements. The lightest KK state is stable 
over cosmological time scale and could be a dark matter 
candidate if it has a mass around 800 — 1000 GeV. 

Finally, I have also mentioned an 5D SU(5) SUSY GUT 
model in AdS space, which can have safe proton decay, a 
natural doublet-triplet splitting, and a TeV colored Higgs 
triplet. The TeV colored Higgs boson becomes an alter- 
native signature for this kind of GUT, in contrast to pro- 
ton decay. The TeV colored Higgs boson can be copiously 
produced at hadronic colliders, e.g. the LHC, and gives 
an interesting "heavy muon" -like signature. The LHC is 
sensitive up to about 1.5 TeV. 

I have benefitted a lot from other recent reviews [6(| 
Ell EE EH EH E3 on these subjects. 
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TABLE V: Event rates for the production of colored Higgs bosons at the Tevatron, the LHC and the future pp colliders of 50 
and 200 TeV. 
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